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Work performed i n  the  f i r s t  q u a r t e r  of a r e s e a r c h  
and development program on a n  e l e c t r o n  bombardment cesium 
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Th i s  q u a r t e r l y  r e p o r t  d e s c r i b e s  work performed d u r i n g  t h e  pe r iod  
3 May 1965 t o  31 J u l y  1965 under C o n t r a c t  NAS3-7112. 
t h i s  program is t o  t e s t  two engine systems f o r  2000 hour s  and 4000 h o u r s  
r e s p e c t i v e l y .  These eng ine  systems a r e  t o  o p e r a t e  a t  a power - to - th rus t  
r a t i o  of 160 kW/lb maximum a t  s p e c i f i c  impulse of 5000 seconds .  The 
t o t a l  power must i n c l u d e  t h a t  r equ i r ed  by t h e  n e u t r a l i z e r  and f eed  
systems.  
The o b j e c t i v e  of 
Dur ing  t h e  q u a r t e r ,  t h e  engine which had been ope ra t ed  i n  t h r e e  
consecu t ive  tests f o r  a t o t a l  of 2610 h o u r s  a t  a power- to- thrus t  r a t i o  
of 183 H / l b  a t  7000 seconds was r edes igned  f o r  o p e r a t i o n  a t  t h e  lower 
s p e c i f i c  impulse.  N e u t r a l i z e r s  w e r e  developed from a new n e u t r a l i z e r  
concept  i n i t i a l l y  developed a t  E l e c t r o - O p t i c a l  Systems, I n c . ,  under  
A i r  Force  C o n t r a c t  AF 33(615)-1530. This n e u t r a l i z e r  promises  t h e  h i g h  
emiss ion  e f f i c i e n c i e s  and long l i f e  r e q u i r e d .  
A 20-lb zero-g cesium feed  sys tem developed under A i r  Force  c o n t r a c t  
was modif ied €o r  use on t h e  2000-hour t e s t  and a new 40-pound f eed  system 
was des igned  f o r  t h e  4000-hour t e s t .  F i n a l l y ,  a new permanent magnet 
eng ine  for p o s s i b l e  use  on t h e  4000-hour t e s t  was des igned  and i s  b e i n g  
f a b r i c a t e d .  
I n  order t o  reduce  t h e  p o s s i b i l i t y  of i n t e r r u p t i o n s  i n  t h e  long 
t e s t s ,  m o d i f i c a t i o n s  t o  vacuum f a c i l i t i e s  and t o  t h e  e l e c t r o n i c  engine  
c o n t r o l  systems were begun. An o p e r a t i o n a l  checkout  of t h e  eng ine  system 
was conducted a t  t h e  end of the q u a r t e r .  T h i s  t es t  was q u i t e  s u c c e s s f u l .  
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1. INTRODUCTION 
Th i s  i s  t h e  f i r s t  q u a r t e r l y  r e p o r t  under C o n t r a c t  NAS3-7112, 
E l e c t r o n  Bombardment Cesium Ion  Engine. 
C o n t r a c t  NAS3-5250 and i s  based on t h e  con t inued  development and l i f e  
t e s t i n g  of t h e  DF engine s y s t e m  developed under t h a t  c o n t r a c t .  
The program is  a fol low-on t o  
1.1 Program O b j e c t i v e s  
The g o a l s  of  t h e  program are t o  t e s t  one eng ine  s y s t e m  
( e n g i n e ,  f eed  s y s t e m ,  and n e u t r a l i z e r )  f o r  2000 hours  and a second 
s y s t e m  f o r  4000 hours .  These t es t s  are t o  be conducted a t  a s p e c i f i c  
impulse of 5000 seconds and a power- to- thrust  r a t i o  of 160 kW/lb, i n -  
c l u d i n g  f eed  system and n e u t r a l i z e r  powers. 
A c o n t i n u i n g  r e s e a r c h  and development program t o  improve 
eng ine  performance and r e l i a b i l i t y  is be ing  pursued.  A q u a l i t y  a s s u r -  
ance and r e l i a b i l i t y  program i s  being fol lowed on t h e  extended t e s t i n g  
p o r t i o n s  of t h e  c o n t r a c t .  
1.2 Key Pe r sonne l  
The key pe r sonne l  on t h e  program are as f o l l o w s :  
R. C .  S p e i s e r  Program Manager 
G.  Soh1 Engine Development and T e s t i n g  
F. A.  B a r c a t t a  Zero-G Feed Systems 
S. Za f ran  Qua 1 i t y  A s  s u r  anc e 
These pe r sonne l  s u p e r v i s e  t h e i r  r e s p e c t i v e  t a s k s  and are t h e  major 
c o n t r i b u t o r s  t o  t h e  c o n t r a c t  r e p o r t s .  
1.3 General S t a t u s  
During t h e  q u a r t e r ,  development of a new e l e c t r o d e  system, 
an improved ca thode ,  a long l i f e  n e u t r a l i z e r ,  and n e u t r a l i z e r  c o n t r o l  
sys t em were completed and t h e  engine s y s t e m  f o r  t h e  2000-hour t es t  was 
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f a b r i c a t e d  and assembled. Th i s  s y s t e m  was undergoing checkout t es t s  
w i t h  the modif ied l a b o r a t o r y  power s u p p l i e s  and c o n t r o l  system a t  t h e  
end of t h e  q u a r t e r .  
Design of  a l a r g e  feed system f o r  t h e  4000-hour t es t  was 
completed and f a b r i c a t i o n  of  t h e  eng ine  s y s t e m  f o r  t h e  second t e s t  
was begun. F a c i l i t y  m o d i f i c a t i o n s  f o r  t h e  long tes t s  were under way 
and a new permanent magnet engine f o r  p o s s i b l e  use on t h e  4000-hour 
t e s t  was being f a b r i c a t e d  a t  t h e  end of  t h e  q u a r t e r .  
6954-4- 1 2 
2 .  ENGINE DEVELOPMENT AND TESTING 
During t h i s  q u a r t e r  the  DG engine was developed from t h e  DF e n g i n e  
and p r e p a r a t i o n s  were made f o r  t h e  long  t e s t .  
ment of t h e  DG e n g i n e ,  engine  systems,  and t e s t  f a c i l i t i e s  a r e  d i s c u s s e d  
i n  t h i s  S e c t i o n .  
The DF engine  and deve lop -  
2 . 1  DF Engine 
The s t a r t i n g  p o i n t  f o r  t h i s  program was t h e  DF eng ine ,  which 
had been t e s t e d  i n  t h r e e  consecut ive  r u n s  f o r  a t o t a l  of  2610 hour s  
wi thou t  f a i l u r e  a t  a s p e c i f i c  impulse of 7000 seconds .  While t h e  DF 
eng ine  had been ope ra t ed  over  a s p e c i f i c  impulse range  of 3000 t o  8000 
seconds ,  t h e  t h r u s t  o b t a i n a b l e  a t  5000 seconds was about  6 mlb. Tha t  
l e v e l  of t h r u s t  r e q u i r e d  a h i g h  nega t ive  a c c e l e r a t o r  p o t e n t i a l  ( n e a r l y  
e q u a l  t o  t h e  p o s i t i v e  source  p o t e n t i a l )  which was n o t  d e s i r a b l e  from 
t h e  s t a n d p o i n t  of long l i f e t i m e .  
E f f i c i e n c y  of t h e  DF engine was h i g h .  Power l o s s e s  of t h e  
sou rce  had been reduced s i g n i f i c a n t l y  under C o n t r a c t  NAS3-5250, No 
i n c r e a s e  i n  eng ine  e f f i c i e n c y  was a n t i c i p a t e d  under  the  p r e s e n t  
program, b u t  an i n c r e a s e  i n  t h r u s t  was sough t .  
The DF engine  wi th  t h e  750-hour f eed  system (approximate ly  5 lb) 
i s  shown i n  F i g .  1. T h i s  engine  inco rpora t ed  d i s t r i b u t e d  geometry,  h i g h -  
perveance e l e c t r o d e s  which promised l i f e t i m e s  on t h e  o r d e r  of 20,000 
h o u r s  a s  e x t r a p o l a t e d  from t h e  2610-hour t e s t  r e s u l t s .  No e r o s i o n  of  
t h e  ca thode  had occur red  d u r i n g  those  t e s t s  b u t  t h e  r e l i a b i l i t y  of t h e  
i n t e r n a l  h e a t e r  had n o t  been f i rmly  e s t a b l i s h e d .  
I n  o r d e r  t o  i n c r e a s e  t h r u s t  and e l i m i n a t e  t h e  i r i i e r i ia l  cathzde 
h e a t e r ,  t h e  DG engine  was developed.  
2 . 2  DG Enpine Development 
The f i r s t  requi rement  of t h e  DG eng ine  d e s i g n  was f o r  h i g h e r  
e l e c t r o d e  perveance . Using  t h e  a p e r t u r e  6Laimtcr dlstributinn f i i nc t ion  
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FIG. 1 DF ENGINE WITH 750-HOUR F E E D  SYSTEM 
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found t o  be s o  s u c c e s s f u l  w i t h  t h e  DF eng ine  and s c a l i n g  t h e  a p e r t u r e  
d i ame te r s  by a f a c t o r  of about  80 percen t ,  a new e l e c t r o d e  des ign  was 
o b t a i n e d .  
r educ ing  a p e r t u r e  d i ame te r s  and dec reas ing  a p e r t u r e  s p a c i n g s ,  t h e  number 
of a p e r t u r e s  was i n c r e a s e d  by 67 p e r c e n t .  
e x t r a c t i o n  f i e l d s  and t h e  r e s u l t a n t  focus ing ,  t h e  spac ing  between t h e  
e l e c t r o d e s  was a l s o  reduced .  The r e s u l t  of i n c r e a s i n g  t h e  number of 
a p e r t u r e s  and d e c r e a s i n g  t h e  gap was  a s i g n i f i c a n t  i n c r e a s e  i n  e l e c t r o d e  
perveance ( t h e  r a t i o  of maximum beam c u r r e n t  t o  t h e  t h r e e - h a l v e s  power 
of t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  e l e c t r o d e s ) .  T h i s  i n c r e a s e  i n  
perveance  al lowed an i n c r e a s e  i n  t h e  beam c u r r e n t  a l o n g  wi th  a r e d u c t i o n  
of t h e  a c c e l e r a t o r  e l e c t r o d e  p o t e n t i a l  t o  a s a t i s f a c t o r y  level f o r  long  
l i f e t i m e .  
Four a p e r t u r e  p a t t e r n s  were used on t h e  new e l e c t r o d e s .  By 
T O  m a i n t a i n  t h e  shape of t h e  
F i g u r e  2 shows t h e  pro to type  s c r e e n  e l e c t r o d e  w i t h  t h e  new 
a p e r t u r e  p a t t e r n .  The t r anspa rency  of t h i s  e l e c t r o d e  was i n c r e a s e d  by 
about  10  p e r c e n t .  T h i s  c r e a t e d  web a r e a s  between a p e r t u r e s  which were t o o  
s m a l l  f o r  conven t iona l  machining t echn iques .  I n  o r d e r  t o  f a b r i c a t e  t h i s  
new e l e c t r o d e  it was necessa ry  t o  machine o v e r s i z e  and chemica l ly  e t c h  
t h e  p a r t  down t o  t h e  d e s i r e d  dimensions.  T h i s  p r o c e s s  h a s  proved ve ry  
s u c c e s s f u l .  
F igu re  3 shows t h e  perveance of t h e  DG e l e c t r o d e s  compared 
w i t h  t h a t  of t h e  DF e l e c t r o d e s .  The e f f e c t  of t h i s  perveance i s  appa ren t  
i n  t h e  o p e r a t i n g  d a t a  of Tab le  I .  
a c c e l e r a t o r  p o t e n t i a l  should  b e  no ted .  
The i n c r e a s e d  t h r u s t  and reduced 
The second major change i n  t h e  engine  c o n s i s t e d  of r e d e s i g n i n g  
t h e  ca thode .  A s o l i d  t an ta lum s t r u c t u r e  was des igned  t o  r e p l a c e  t h e  
i n t e r n a l l y  h e a t e d  emitter of t h e  DF ca thode .  The two ca thodes  a r e  shown 
s c h e m a t i c a l l y  i n  F i g s .  4a and 4 b .  Response of the e=gFr?e appears  s lower  
w i t h  t h e  new ca thode ,  b u t  s t a r t i n g  c h a r a c t e r i s t i c s  are n o t  s i g n i f i c a n t l y  
changed. Source e f f i c i e n c y  wi th  t h e  new ca thode  i s  a s  good a s  o r  b e t t e r  
t h a n  t h e  e f f i c i e n c y  wi th  t h e  DF engine ca thode .  
T- L~~ aUUALAV.. a a i c i n n t o  t h e  changes d e s c r i b e d  above, t h e r e  were some 
minor m o d i f i c a t i o n s  i n  t h e  engine c o n f i g u r a t i o n .  Most s i g n i f i c a n t  among 
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FIG. 2 PROTOTYPE DG SCREEN ELECTRODE 
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DF ENGINE PERFORMANCE WITH DF AND DG ELECTRODES 
P o s i t i v e  High Voltage,  V+ (kV) 
Negat ive High Voltage,  V- (kV) 
Negat ive HV Curren t ,  I- (A) 
Beam C u r r e n t ,  IB (A) 
A r c  Vol tage ,  VA (V) 
A r c  C u r r e n t ,  IA (A) 
Magnet Curren t  , & (A) 
Beam Power, PB (kW) 
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Magnet Power, PM (kW) 
A r c  Power, PA (kW) 
T o t a l  Power, PT (kW) 
T h r u s t ,  T (mlb) 
Power-to-Thrust R a t i o ,  P/T (kW/lb) 
Power E f f i c i e n c y  a qP ($1 
Mass E f f i c i e n c y ,  $ ($) 
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COAXIAL TANTALUM 
HEATER AND EMlllER 
-SOLID TANTALUM 
EMITTER 
a. Internal Heater Cathode b. External Heater Cathode 
FIG. 4 CATHODE SCHEMATICS 
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t h e s e  was t h e  e l i m i n a t i o n  of f o u r  of t h e  a c c e l e r a t o r  e l e c t r o d e  suppor t  
i n s u l a t o r s .  T h i s  was made p o s s i b l e  by r educ ing  t h e  weight  of t h e  a c c e l -  
e r a t o r  e l e c t r o d e  by a f a c t o r  of a lmost  two; t h e  m a t e r i a l  of t h e  e l e c t r o d e  
was changed from 0 .062- inch - th i ck  copper t o  0 .125- inch - th i ck  aluminum 
under C o n t r a c t  NAS3-5250. 
Performance of t h e  DG engine i s  e q u i v a l e n t  t o  t h a t  of t h e  DF 
e n g i n e .  An i n c r e a s e  i n  mass e f f i c i e n c y  of 5030 seconds due e i t h e r  t o  
i n c r e a s e d  e l e c t r o d e  t r a n s p a r e n c y  o r  to t h e  new ca thode  was o f f s e t  by a 
s l i g h t l y  h i g h e r  d r a i n  c u r r e n t .  While t h e  e l e c t r o d e  spac ing  was reduced 
( lower v o l t a g e s ) ,  t h e  t h i c k n e s s  of t h e  a c c e l e r a t o r  was n o t  changed. 
T h i s  r e q u i r e s  more p r e c i s e  i o n  t r a j e c t o r i e s  t o  p reven t  i n t e r c e p t i o n  n e a r  
t h e  downstream end of t h e  a c c e l e r a t o r  a p e r t u r e s .  T h e r e f o r e ,  h i g h e r  
a c c e l e r a t o r  d r a i n  c u r r e n t  i s  expected i n i t i a l l y ,  b u t  t h i s  c u r r e n t  should  
d e c r e a s e  a s  t h e  a p e r t u r e s  e rode  on t h e  downstream s i d e .  
2 .3  PMG EnPine 
A permanent magnet ve r s ion  of t h e  DG eng ine  h a s  been des igned  
and i s  i n  f a b r i c a t i o n  f o r  p o s s i b l e  use on t h e  4000 hour  t e s t .  A more 
s t a b l e  permanent magnet m a t e r i a l ,  Cuni fe  (60Cu-20Ni-20Fe) t h a n  t h e  
V i c a l l o y  fo rmer ly  used on PM engines  w i l l  b e  u s e d .  
h a s  a demagnet iza t ion  c u r v e  s i m i l a r  t o  t h a t  of A ln ico .  A S  was done f o r  
t h e  V i c a l l o y  eng ine  s h e l l s ,  Cuni fe  s t r i p s  w i l l  b e  e lec t ron-beam welded 
t o g e t h e r  t o  form a c y l i n d r i c a l  permanent magnet.  T h i s  i s  n e c e s s a r y  
because  t h e  m a t e r i a l  i s  n o t  p r e s e n t l y  a v a i l a b l e  i n  wide enough s h e e t s  t o  
form t h e  complete  eng ine  s h e l l  from one p i e c e .  A s  b e f o r e ,  i r o n  w i l l  be 
used f o r  t h e  sc reen  e l e c t r o d e  and ca thode  p l a t e ,  t o  form t h e  p o l e s  
r e q u i r e d  t o  shape t h e  magnet ic  f i e l d .  
When hardened Cun i fe  
A n  e l e c t r o d e  suppor t  s y s t e m  s i m i l a r  t o  t h a t  on t h e  DG engine  
w i l l  b e  used  and t h e  ca thode  and elecE~rzdc cystem will be n e a r l y  i d e n t i c a l  
t o  t h a t  of t h e  DG eng ine .  T h i s  engine w i l l  undergo e v a l u a t i o n  t es t s  
d u r i n g  t h e  nex t  q u a r t e r .  
2.4 DG Enpine Systems 
Two systems have been designed f o r  t h e  long  tes t s  t o  be  con-  
duc ted  under  t h i s  program. Both sys tems use  a n e u t r a l i z e r  which w i l l  
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b e  descr ibed  i n  S e c t i o n  4 .  The p r i n c i p a l  d i f f e r e n c e  between t h e  two 
systems is  i n  t h e  f eed  system used wi th  e a c h .  The system f o r  t h e  2000- 
hour  t e s t  u s e s  a 20-pound f eed  system and t h e  4000-hour system u s e s  a 
40-pound feed  system. 
2 .4 .1  The 2000-Hour Engine Sys tem 
The 2000-hour engine  system i s  shown i n  F i g .  5 .  I n  
o rde r  t o  f i t  t h e  system i n  t h e  f a c i l i t y  a v a i l a b l e  f o r  t h i s  t e s t ,  t h e  
f eed  system h a s  been d i s p l a c e d  upwards and t o  t h e  s i d e  a s  i l l u s t r a t e d .  
A U-shaped feed  tube  a d a p t e r  has  been added t o  a l l o w  t h i s  d i sp l acemen t  
and the manual v a l v e  has  been i n v e r t e d .  
t h e  U-tube and t h e  manual v a l v e  w i l l  n o t  be  counted i n  t h e  system power.) 
Two n e u t r a l i z e r s  w i l l  be mounted on t h e  system s i n c e  f a i l u r e  modes have 
n o t  been determined f o r  t h e s e  new n e u t r a l i z e r s .  The feed  system and 
n e u t r a l i z e r s  w i l l  b e  d i s c u s s e d  f u r t h e r  i n  S e c t i o n s  3 and 4 .  
(The power r e q u i r e d  f o r  h e a t i n g  
2.4.2 The 4000-Hour Engine System 
The 4000-hour t e s t  f a c i l i t y  ( d e s c r i b e d  i n  Subsec t ion  2.5)  
w i l l  have a l a rge r -d i ame te r  eng ine  chamber. T h i s  a l l o w s  e l i m i n a t i o n  of 
t h e  U-tube and normal o r i e n t a t i o n  of t h e  manual v a l v e .  The 40-pound f eed  
system t o  be used on t h i s  t e s t  w i l l  be d e s c r i b e d  i n  S e c t i o n  3 .  
i z e r s  f o r  t h i s  t e s t  may be  improved over  t h o s e  f o r  t h e  2000-hour t e s t  
s i n c e  more development t i m e  i s  a v a i l a b l e .  
N e u t r a l -  
2.5 Test F a c i l i t i e s  
The vacuum f a c i l i t i e s  f o r  bo th  long  t e s t s  w i l l  have e x t e n s i v e  
i n t e r l o c k s ,  backup pumping, and heavy-duty l i n e r  b a f f l e s  and c o l l e c t o r s .  
The vacuum f u n c t i o n s  w i l l  be i n t e r l o c k e d  wi th  eng ine  and power f u n c t i o n s  
i n  a manner s i m i l a r  t o  t h a t  used on p rev ious  t e s t s .  Emergency power, 
w a t e r ,  and a i r  w i l l  a g a i n  be  provided  a long  w i t h  s u i t a b l e  a l a rm sys tems.  
2 .5 .1  The 2000-Hour Test F a c i l i t y  
The f a c i l i t y  used f o r  t h e  2610 h o u r s  of t e s t i n g  under 
Con t rac t  NAS3-5250 w i l l  be used f o r  t h e  2000-hour t e s t .  T h i s  f a c i l i t y  
i s  shown i n  F i g .  6 .  To accommodate a t e s t  of t h i s  l e n g t h ,  a one and 
one-half  i nch  t h i c k  copper  c o l l e c t o r  h a s  been f a b r i c a t e d  i n  t h e  b a s i c  
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d e s i g n  used b e f o r e .  
c o l l e c t o r  s e c t i o n  l i n e r .  It i s  expected t h a t  a p r e s s u r e  of 1 x 10  mm 
Hg w i l l  be  ob ta ined  a s  was t h e  c a s e  du r ing  p rev ious  tes ts .  A mass 
spec t romete r  h a s  been added t o  t h e  system t o  ana lyze  t h e  r e s i d u a l  g a s  
c o n t e n t .  
A l so ,  improved b a f f l e s  have been made f o r  the 
-7 
2-5.2 The 4000-Hour T e s t  F a c i l i t y  
P r e s e n t l y  be ing  f a b r i c a t e d  i s  an eng ine  ant ichamber  
which w i l l  ex tend  one of t h e  2 - f t  x 6 - f t  vacuum sys tems a t  E l e c t r o - O p t i c a l  
Systems,  I n c .  T h i s  an t ichamber ,  shown i n  F i g .  7 ,  w i l l  b e  3 f e e t  i n  
d i ame te r  and 2-112 f e e t  long .  The l i n e r  w i l l  be r e p l a c e d ,  and aluminum 
b a f f l e s  and an aluminum c o l l e c t o r  a r e  b e i n g  f a b r i c a t e d  . These modif i c a  - 
t i o n s  w i l l  t a k e  advantage of t h e  l o w  s p u t t e r i n g  y i e l d  of aluminum t o  
reduce  :he r a t e  of  contaminat ion  of eng ine  s u r f a c e s  by b a c k s p u t t e r e d  
mater ia! .  
2.5.3 C o n t r o l  Systems 
The eng ines  f o r  both t e s t s  w i l l  b e  ope ra t ed  by  c o n t r o l  
systems Lcveloped under C o n t r a c t  NAS3-2516, and modi f ied  under C o n t r a c t  
NAS3-5250 and t h i s  c o n t r a c t .  Mod i f i ca t ions  f o r  i n t e r l o c k i n g  have  been 
made; a r c  suppres s ion  and n e u t r a l i z e r  c o n t r o l  systems have been added.  
A l so ,  chances t o  enhance long-term o p e r a t i o n  have been e f f e c t e d .  
The a r c  suppress ion  system t a k e s  advantage of t h e  
r e sponse  uf t h e  d i s c h a r g e  t o  prevent  cont inuous  a r c i n g .  
l oad  i s  dzcec ted ,  t h e  a r c  power supply ou tpu t  i s  immediately dep res sed .  
T h i s  reduces  t h e  plasma d e n s i t i e s  w i t h i n  t h e  eng ine  and a l l o w s  t h e  
h i g h - v o l t a p e  power s u p p l i e s  t o  t u r n  back on i n t o  a reduced l o a d .  Con- 
t i n u o u s  a r c i n g  w i l l  b e  d e t e c t e d  a f t e r  about  six c y c l e s ,  a s  b e f o r e ,  and 
a res t  c y c l e  w i l l  be i n i t i a t e d .  
a l a rm t o  z i low c o r r e c t i o n  o f  system ope rd t io i i .  
When an over -  
Excess ive  res t  c y c l e s  w i l l  g e n e r a t e  an  
The n e u t r a l i z e r  c o n t r o l  system w i l l  b e  d e s c r i b e d  i n  
S e c t i o n  4 .  
I n  o r d e r  t o  improve t h e  r e l i a b i l i t y  of t h e  e l e c t r o n i c  
J c l ~ p o r t  s j - s tcm,  the  c i r c u i t r y ,  p r i m s r i l y  t h e  h igh -vo l t age  s u p p l i e s ,  h a s  
>con i m p r -  ;ed. 
69.544)-1 13 
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The supe r f luous  meter r anges  and ad jus tment  p r o v i s i o n s  
have been e l i m i n a t e d .  The over load  d e t e c t i o n  c i r c u i t s  were r edes igned  
t o  use  more r e l i a b l e  components and t h e  over load  c y c l i n g  f o r  t h e  two 
h igh -vo l t age  s u p p l i e s  was p a r a l l e l e d  a t  t h e  d e t e c t i o n  l e v e l  , which 
reduced t h e  number of components f o r  t h e s e  c i r c u i t s  by about  50 p e r c e n t .  
The programmer h a s  been r edes igned  t o  e l i m i n a t e  s e l f -  
l a t c h i n g  r e l a y s  and o t h e r  components t h a t  were found t o  be a f f e c t e d  by 
t r a n s i e n t s .  I n  t h e  p rocess  of t h i s  r e d e s i g n ,  t h e  au tomat i c  s t a r t  and 
s t o p  programs were e l i m i n a t e d ,  a l lowing  f u r t h e r  s i m p l i f i c a t i o n  and add ing  
t o  t h e  expec ted  long-term r e l i a b i l i t y  of  t h e  c o n t r o l  sys tem.  
2 .G S y s t e m  Performance 
T a b l e  I1 shows p r o j e c t e d  performance of t h e  2000-hour system. 
These f i g u r e s  were compiled from da ta  ob ta ined  du r ing  checkout  of t h e  
2000-hour eng ine  system a t  t h e  end of t h e  q u a r t e r ,  b u t  n o t  ob ta ined  
s imul t aneous ly .  The checkout  tes t  was in t ended  t o  r e v e a l  any s y s t e m a t i c  
e r r o r s  i n v o l v i n g  t h e  combinat ion of e n g i n e ,  f eed  system, n e u t r a l i z e r ,  and 
t h e  redes igned  l a b o r a t o r y  c o n t r o l  system. Minor d i f f i c u l t i e s  were found,  
a l l  of which have been r e s o l v e d .  
A s  shown by t h e  d a t a  of Tab le  11, t h e  power- to- thrus t  r a t i o  of 
t h e  o v e r - a l l  engine  system i s  expected t o  be w e l l  below 160 kW/lb a t  a 
s p e c i f i c  impulse of 5000 seconds .  The cho ice  of an o p e r a t i n g  level f o r  
t h i s  t e s t  w i l l  be  based on performance mapping r e s u l t s  o b t a i n e d  p r i o r  
t o  t h e  t e s t .  
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TABLE I1 
PROJECTED SYSTEM PERFORMANCE 
Engine S p e c i f i c  Impulse 
Engine Power-to-Thrust R a t i o  
Thrus t  
Engine Power 
Feed System Power 
N e u t r a l i z e r  Power 
T o t a l  System Power 
System Power-to-Thrust R a t i o  
System S p e c i f i c  Impulse 
( c o r r e c t e d  f o r  n e u t r a l i z e r  f low) 
69 5 4 - 4 4  16  
5050 seconds 
144 kW/ l b  
6.65 mlb 
958 watts 
2 5  wat t s  
18 w a t t s  
1001 wat t s  
1 5 1  kW/lb 
5000 seconds 
3 .  FEED SYSTEMS 
To f u l f i l l  t h e  r equ i r emen t s  of t h i s  c o n t r a c t ,  t h r e e  d i f f e r e n t  zero-g  
cesium feed  systems a r e  t o  be u s e d ,  Two a r e  new d e s i g n s  and t h e  t h i r d  
i s  a m o d i f i c a t i o n  of a f eed  system developed under  A i r  Force  C o n t r a c t  
AF 33(657)-10980. A l l  t h r e e  f eed  systems depend s o l e l y  upon s u r f a c e  
t e n s i o n  f o r c e s  t o  s e p a r a t e  t h e  l i q u i d  and vapor  phases  w i t h i n  t h e  
s t o r a g e  volume and t o  d e l i v e r  cesium t o  t h e  v a p o r i z e r ;  c o n t r o l l a b l e  
f eed  i s  ob ta ined  from t h e  v a p o r i z e r  by h e a t i n g  and r e s u l t a n t  e v a p o r a t i o n .  
Each f eed  system c o n s i s t s  of a s t o r a g e  volume broken i n t o  t a p e r e d  c e l l s  
which b r i n g  cesium t o  a porous n i c k e l  wick on t h e  r e s e r v o i r  a x i s .  One 
end of  t h i s  wick forms t h e  vapor i ze r  s u r f a c e  from which cesium i s  
e v a p o r a t e d .  
3 . 1  The 20-Pound Feed System 
T h i s  f eed  system, shown i n  F i g .  8 ,  h a s  a manual ly  o p e r a t e d  
f eed  v a l v e  and an  e l e c t r i c a l l y  opera ted  p o r t  v a l v e .  These v a l v e s  a r e  
used t o  p r o t e c t  t h e  cesium from the  atmosphere and con tamina t ion  d u r i n g  
h a n d l i n g .  
above mentioned A i r  Fo rce  program. 
T h i s  system ( l e s s  t h e  manual v a l v e )  was developed under  t h e  
The manual v a l v e  shown i n  F i g .  9 i s  opened a t  t h e  s t a r t  of 
eng ine  t e s t i n g  and i s  c l o s e d  be fo re  t h e  system i s  removed from t h e  
vacuum chamber. The a c t u a t i n g  s h a f t  i s  r e t r a c t e d  a f t e r  t h e  v a l v e  i s  
opened i n  o r d e r  t o  a l l o w  f o r  high v o l t a g e  i s o l a t i o n .  T h i s  v a l v e  would 
n o t  be used on f l i g h t  sys tems.  
F i g u r e  10 shows t h e  r e s e r v o i r  p o r t  v a l v e  used t o  e v a c u a t e  t h e  
system d u r i n g  pumpdown of t h e  t e s t  f a c i l i t y .  An e l ec t romagne t  a c t u a t i o n  
sys tem was used h e r e  s i n c e  th i s  valve IE. ZIl-owed t o  c l o s e  and remain 
c l o s e d  d u r i n g  eng ine  o p e r a t i o n .  
The r e s e r v o i r  h e a t e r  shown i n  F i g .  8 i s  used on ly  t o  h e a t  t h e  
r e s e r v o i r  b e f o r e  o p e r a t i o n  of t h e  eng ine  i n  o r d e r  t h a t  t h e  cesium w e t  
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FIG. 8 THE 20-POUND FEED SYSTEM 
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t h e  r e s e r v o i r  f i n s  and t h e  porous n i c k e l  wick.  
unnecessary f o r  f l i g h t  sys tems,  a s  w i l l  be  appa ren t  from t h e  d i s c u s s i o n  
of Subsec t ion  3 . 3 .  
T h i s  f u n c t i o n  i s  a l s o  
The a c t u a l  c a p a c i t y  of t h e  20-pound feed  system i s  s l i g h t l y  over  
18  pounds of cesium. Some of t h i s  c a p a c i t y  w i l l  be expended by s t a r t u p s  
and performance mapping, b u t  a comfor tab le  margin e x i s t s  t o  cover  f a l s e  
s t a r t s .  
3 .2  The 40-Pound Feed S y s t e m  
For  t h e  4000-hour t e s t  a f eed  system w i t h  about  twice  t h e  
c a p a c i t y  of t h e  20-pound f eed  system was des igned .  T h i s  system h a s  a 
capac i ty  of 40 pounds of cesium and i s  i l l u s t r a t e d  i n  F i g .  11. 
I n  o rde r  t o  reduce  the  h e i g h t  of t h e  porous rod  ( s i g n i f i c a n t  
o n l y  f o r  t e s t i n g  i n  a 1-g environment) ,  i t  was dec ided  t o  u s e  an o b l a t e  
sphero id  f o r  t h e  r e s e r v o i r .  The r e s u l t a n t  h e i g h t  of t h e  porous rod  i s  
8 inches ,  approximate ly  t h e  same a s  t h a t  of t h e  20-pound system. 
TO reduce  t h e  f eed  system we igh t ,  o n l y  90 f i n s  were p l aced  i n  
t h e  r e s e r v o i r  s t o r a g e  volume. 
vapor i ze r  s e c t i o n  t o  a d iameter  of 1 inch  i n  o r d e r  t h a t  t h e  l o c a t i o n  of 
t h e  l i q u i d  be  s t a b i l i z e d  i n  a t h e o r e t i c a l  zero-g  environment .  T h i s  
system i s  p r e s e n t l y  be ing  f a b r i c a t e d .  
3 .3  N e u t r a l i z e r  Feed System 
Th i s  t h e n  r e q u i r e d  expans ion  of t h e  
The t h i r d  f eed  system is t h e  112-pound o r  n e u t r a l i z e r  f e e d  
system, des igned  t o  o p e r a t e  t h e  n e u t r a l i z e r  f o r  10,000 h o u r s .  F i g u r e s  
12 and 13 show an exploded view and an assembled view of t h i s  f e e d  
system. The r e s e r v o i r  i s  2-112 i n c h e s  i n  d i ame te r  and h a s  f i n  s t r u c t u r e  
c o n s i s t i n g  of 72 f i n s .  A porous n i c k e l  rod  a long  t h e  c e n t r a l  a x i s  d e l i v e r s  
l i q u i d  cesium t o  t h e  v a p o r i z e r .  
Unl ike  t h e  o t h e r  f eed  sys tems,  which use  a p o r t  v a l v e  t o  
evacuate  t h e  system a f t e r  l oad ing  and d u r i n g  pumpdown of t h e  vacuum 
chamber, t h i s  system w i l l  e n t e r  t h e  vacuum chamber comple te ly  evacuated  
wi th  the  porous rod w e t t e d  wi th  cesium. The n e u t r a l i z e r  wi th  i t s  o r i f i c e  
s e a l e d  with cadmium w i l l  be  a t t a c h e d  t o  t h e  r e s e r v o i r .  The system w i l l  








FIG. 11 THE 40-POUND FEED SYSTM 
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FIG. 12 THE 1/2-POUND FEED SYSTEM - DISASSEMBLED 
FIG. 13 THE 1/2-POUND FEED SYSTEM - ASSEMBLED 
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t hen  be leak-checked,  loaded wi th  cesium, evacuated ,  and s e a l e d  by 
m e l t i n g  s h u t  t h e  end of  t h e  f i l l  tube i n  t h e  e lec t ron-beam weld ing  
machine.  The s e a l e d  system w i l l  then be h e a t e d  i n  an  oven t o  2OO0C 
t o  w e t  t h e  porous r o d .  Then t h e  f i r s t  t i m e  t h e  n e u t r a l i z e r  ca thode  
i s  h e a t e d  a f t e r  evacua t ion  of t h e  chamber, t h e  cadmium o r i f i c e  s e a l  
w i l l  e v a p o r a t e .  
I 
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4. NEUTRALIZERS 
E a r l y  i n  1965 a new n e u t r a l i z e r  concept  was developed a t  E l e c t r o -  
O p t i c a l  Systems, I n c . ,  under A i r  Force C o n t r a c t  AF 33(615)-1530. Th i s  
dev ice  promised long l i f e  a t  h i g h  e f f i c i e n c i e s ,  s o  t es t s  of  t h e  new 
n e u t r a l i z e r  approach were s t a r t e d  immediately under c o n t r a c t  NAS3-5250. 
These t es t s  were con t inued  i n  t h i s  program, and a n e u t r a l i z e r  and neu- 
t r a l i z e r  c o n t r o l  s y s t e m  were developed f o r  u s e  on t h e  long tes ts .  
4.1 N e u t r a l i z e r  Opera t ion  
F igu re  14 i s  a schematic  of an e a r l y  n e u t r a l i z e r .  E l e c t r o n s  
a r e  emit ted by an e x t e r n a l l y  h e a t e d ,  c e s i a t e d  t an ta lum c a t h o d e  s imi l a r  
i n  o p e r a t i n g  p r i n c i p l e  t o  t h e  DG eng ine  cathode.  C e s i u m  vapor  i s  sup- 
p l i e d  t o  t h e  emit ter  s u r f a c e s  from a s imple  l a b o r a t o r y  r e s e r v o i r .  The 
cathode chamber i s  hea ted  t o  about  6OO0C by a shea thed  e x t e r n a l  h e a t e r .  
A s m a l l  o r i f i c e  i n  t h e  chamber, t y p i c a l l y  0.006 inch  i n  d i a m e t e r ,  f a c e s  
t h e  ion engine beam. 
A d i s c h a r g e  is e s t a b l i s h e d  between t h e  grounded n e u t r a l i z e r  
and t h e  i o n  beam, which f l o a t s  t o  a p o s i t i v e  p o t e n t i a l .  From t h i s  
d i s c h a r g e ,  t h e  ion  beam a c q u i r e s  a l l  t h e  e l e c t r o n s  i t  needs f o r  neu- 
t r a l i z a t i o n .  The beam p o t e n t i a l  r e q u i r e d  t o  s u s t a i n  t h e  d i s c h a r g e  is  
t y p i c a l l y  8 t o  10 v o l t s ,  much lower t h a n  had been o b t a i n e d  p r e v i o u s l y  
w i t h  conven t iona l  t he rmion ic  n e u t r a l i z e r  c a t h o d e s .  Even a t  t h e s e   OW 
beam p o t e n t i a l s ,  because i o n s  formed i n  t h e  d i s c h a r g e  h e l p  overcome 
space charge e f f e c t s ,  t h e  n e u t r a l i z e r  may be  mounted s e v e r a l  i n c h e s  
away from t h e  beam. 
The con t inuous  cesium los s  w i t h  t h i s  n e u t r a l i z e r  e x a c t s  a 
t o l l  i n  s p e c i f i c  impulse.  
i n  r e q u i r e d  beam power by s l i g h t l y  i n c r e a s i n g  t h e  eng ine  s p e c i f i c  impulse 
from i t s  o r i g i n a l  l e v e l .  
demonstrated emission r a t i o s  of ove r  100 e l e c t r o n s  
t h e  l o s s  of cesium from t h e  n e u t r a l i z e r  i s  expec ted  t o  be  less than  
T h i s  p e n a l t y  may be  conve r t ed  t o  a n  i n c r e a s e  
P r o p e r l y  c o n t a i n e d  c a t h o d e s  of t h i s  t y p e  have 
pe r  cesium atom, so 
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1 p e r c e n t  of  t h e  engine  flow r a t e .  Flow r a t e s  f o r  n e u t r a l i z e r s  have been 
found t o  be a s  low a s  0.84 p e r c e n t  Of t h e  eng ine  f low r a t e .  
The power requi rements  f o r  t h e  n e u t r a l i z e r  a r e  due t o  t h e  
ca thode  and t h e  v a p o r i z e r  h e a t e r s .  Both of t h e s e  may be  h e a t  s h i e l d e d  
t o  reduce  t h e  power needed. 
4 .2  N e u t r a l i z e r  C o n t r o l  System 
Cathode h e a t e r  power f o r  t he  ''plasma b r idge"  n e u t r a l i z e r  may 
be p r e s e t .  It i s  a n t i c i p a t e d ,  however, t h a t  t h e  l a r g e  changes i n  cesium 
f low r a t e  t h a t  a r e  ob ta ined  w i t h  smal l  v a p o r i z e r  tempera ture  changes may 
n o t  b e  t o l e r a b l e  f o r  long-dura t ion  t e s t i n g .  
C o n t r o l  of t h e  v a p o r i z e r  power r e q u i r e s  some form of i n f o r -  
mat ion feedback .  The system parameter which is most dependent  upon t h e  
cesium f low r a t e  through t h e  n e u t r a l i z e r  i s  t h e  beam p o t e n t i a l ,  normal ly  
approximated by t h e  p o t e n t i a l  of  a f l o a t i n g  c o l l e c t o r  i n  t h e  vacuum 
f a c i l i t y .  A s  f low r a t e  i n c r e a s e s ,  t h e  beam p o t e n t i a l  f a l l s .  Thus,  i t  
i s  p o s s i b l e  t o  expe r imen ta l ly  determine a n  optimum beam p o t e n t i a l .  
However, f o r  a c o n t r o l  system t o  be r e a l i s t i c ,  t h e  c o l l e c t o r  may n o t  
be used a s  t h e  feedback s e n s o r .  
Beam P o t e n t i a l  Probe 
S ince  a plasma w i l l  a t t a c h  i t s e l f  t o  t h e  most p o s i t i v e  o b j e c t  
it c o n t a c t s ,  t h e  "plasma b r idge"  should ve ry  n e a r l y  assume t h e  beam 
p o t e n t i a l .  Langmuir probing  of  t he  low-energy ''plasma b r idge"  should  
t h e n  y i e l d  beam p o t e n t i a l  i n fo rma t ion  wi thou t  s p u t t e r i n g  away d u r i n g  
long-term o p e r a t i o n  a s  would a probe immersed i n  t h e  i o n  beam. 
shows probe p l o t s  t aken  f o r  two va lues  of "beam" p o t e n t i a l  w i th  an 
o p e r a t i n g  n e u t r a l i z e r .  
copper  s c r e e n  iocaiserl i i2or;t TVCI inches  from t h e  n e u t r a l i z e r .  The probe 
used  was s i m i l a r  t o  t h a t  shown i n  F i g .  1 6 .  
F i g u r e  1 5  
The "beam" f o r  t h i s  experiment  was a p i e c e  of 
A probe b i a s e d  through a 33-ohm r e s i s t o r  from a 1 2 - v o l t  supp ly  
w i l l  o p e r a t e  a long  t h e  load  l i n e  shown i n  F i g .  1 5 .  While a probe ope r -  
a t e d  i n  t h i s  manner w i l l  n o t  measure t r u e  plasma p o t e n t i a l ,  p o s i t i v e  
c o r r e l a t i o n  between t h e  probe and beam p o t e n t i a l s  can be  obta ined i  
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"PLASMA BRIDGE" NEUTRALIZER 
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PROBE POTENTIAL 
CORRELATION 
BEAM P O T E N T I A L ,  volts 
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. 
F i g u r e  1 7  shows t h e  c o r r e l a t i o n  ob ta ined  w i t h  a 400-ma c o n s t a n t  c u r r e n t  
sou rce  a p p l i e d  t o  t h e  "beam." These d a t a  were t a k e n  as t h e  v a p o r i z e r  
w a s  al lowed t o  c o o l ,  caus ing  t h e  "beam" p o t e n t i a l  t o  r ise .  An au to -  
ma t i c  v a p o r i z e r  feedback c o n t r o l  was s y n t h e s i z e d  based on t h e  r e s u l t s  
of t h e s e  t es t s .  
4.3 P r o t o t y p e  N e u t r a l i z e r  
The n e u t r a l i z e r  shown i n  Fig.  16 c o n s i s t s  of a zero-g f eed  
s y s t e m  and an e x t e r n a l l y  h e a t e d ,  c e s i a t e d  t a n t a l u m  cathode.  A long 
narrow v a p o r i z e r  s e c t i o n  was used t o  minimize h e a t  losses. 
The p r o t o t y p e  n e u t r a l i z e r ,  shown i n  Fig.  18 w i t h o u t  t h e  
p robe ,  was t e s t e d  w i t h  t h e  DG engine.  Tab le  I11 l i s t s  t h e  o p e r a t i n g  
parameters  ob ta ined .  
6954-4- 1 27 
BEAM PROBE a 
TANTALUM EMITTER 
0.0063 in. NEUTRALIZER-- + ORIFICE CATHODE HEATER 




69 5 4 - 4 4  
F I G .  1 7  
PROTOTYPE NEUTRAL1 ZER 
DESIGN 
F I G .  18 
PROTOTYPE NEUTRALIZER 
TABLE 111 
NEUTRALIZER OPERATING PARAMETERS 
AND TOTAL EQUIVALENT POWER 
pK Cathode Heater  Power, 
Vaporizer  Heater Power, pV 
%mission Current  a I~ 
2Beam P o t e n t i a l ,  V 
3 
B 
Perveance Power, VB IN 
Cesium Flowrate (pe rcen t  of 
Engine Flowrate),  7 
Slope  of Engine P/T v s  I 
Curve a t  5000 seconds ,"K 
Engine Thrus t ,  T 
Engine S p e c i f i c  Impulse,  I 
SP 
Neutra l i z e r  Flowra t e  Pena 1 t y  
cs 
i n  Equ iva len t  Power, 
K T I x 10 - 5  ), Pcs 
(VCS SP 
T o t a l  N e u t r a l i z e r  Power 




9.5 v o l t s  
3.8 w a t t s  
1.0 pe rcen t  
1 7  watts / l b - sec  
6.77 mlb 
5050 seconds 
5.8 w a t t s  
23.9 w a t t s  
3.5 kW/ l b  
1. 
2. 
3, Est imated from previous  t e s t s .  
C o r r e l a t i o n  between engine beam c u r r e n t  and n e u t r a l i z e r  
emiss ion  currerit was w i t h i n  5 percent .  
P o t e n t i a l  of i s o l a t e d  c o l l e c t o r  i n  t h e  vacuum system. 
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5.  QUALITY ASSURANCE 
EOS Report 6954-QAP-1, "Qual i ty  Assurance P l a n  - Revised ,"  was 
prepared and submi t ted  t o  NASA/Lewis. T h i s  r e p o r t  inc luded  t h e  Q u a l i t y  
Cont ro l  Manual and t h e  I n s p e c t i o n  and T e s t  P l a n  O u t l i n e  f o r  NASA/Lewis 
Cont rac t  NAS3-7112. The equipment log and f a i l u r e  r e p o r t  formats  were 
a l s o  included.  
Shop t r ave l l e r  a c t i v i t y  d u r i n g  t h e  f i r s t  q u a r t e r  w a s  p r i m a r i l y  
concerned w i t h  D G - 1  engine  and z e r o - g r a v i t y  f e e d  sys tem s u p p o r t .  Equip- 
ment logs were i s s u e d  f o r  b o t h  c o n t r o l  systems.  F i v e  s t a n d i n g  assembly 
r e q u e s t s  are a c t i v e  as f o l l o w s :  
D G - 1  engine  
20-pound f e e d  sys tem SIN 1 
N e u t r a l i z e r  assembly SIN 1 
112-pound f e e d  system S/N 1 
1/2-pound f e e d  system SIN 2 
The fo l lowing  t e s t  procedures  were r e l e a s e d :  
6954-03-1) Feed System Assembly and T e s t  Procedure  
6954-02-1) Magnet C o i l  Check, A i r  
6954-02-2) Cathode Check, A i r  
6954-02-3) R e l i a b i l i t y  Engine Component Weights 
6954-02-4) E l e c t r o d e  System Check, A i r  
6954-02-5) N e u t r a l i z e r  I n s p e c t i o n  and T e s t  Procedure  
A d d i t i o n a l  weld ing ,  b r a z i n g ,  and p r o c e s s i n g  i n s t r u c t i o n s  were 
re leased t o  c o n t r o l  new procedures  developed under  t h i s  c o n t r a c t .  
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6 .  PLANS FOR NEXT QUARTER 
The 2000-hour engine  system w i l l  b e  performance-mapped and t h e  
2000-hour t es t  w i l l  be  s t a r t e d .  
magnet and permanent magnet eng ines  f o r  t h e  4000-hour t e s t ,  t h e  eng ine  
system w i l l  be performance-mapped and t h e  4000-hour t es t  w i l l  be s t a r t e d .  
Fol lowing  t h e  cho ice  between t h e  e l e c t r o -  
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